Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease with rising prevalence. Increasing evidence has demonstrated that resveratrol, a dietary phytochemical, is capable of attenuating NAFLD development and progression; however, results from clinical studies are inconsistent and inconclusive. Here, we conducted a meta-analysis to evaluate the efficacy of resveratrol on NAFLD, using several parameters to provide new insights for clinical application. We systematically searched EMBASE, PubMed, Science Citation Index, Elsevier, and Cochrane Library databases for studies published up to date (July 2016), in English, to identify and screen eligible, relevant studies. Either a fixed-effect model or random model was used to estimate mean difference (MD) and 95% confidence intervals (CIs) for the effect of resveratrol on NAFLD. Four randomized, double-blinded, placebo-controlled trials involving 156 patients were included in the meta-analysis. Levels of low-density lipoprotein (MD = 0.47, 95% CI: 0.21, 0.74, P < 0.05) and total cholesterol (MD = 0.49, 95% CI: 0.18, 0.80, P < 0.05) were higher in the resveratrol treatment groups than in placebo control groups, whereas other parameters were not altered. Overall, this study indicates that resveratrol treatment has negligible effects on attenuating NAFLD, given the small improvement in NAFLD features. More high-quality clinical trials of resveratrol for NAFLD are required to confirm these results.
Introduction
Nonalcoholic fatty liver disease (NAFLD), a spectrum of liver injuries ranging from simple steatosis to nonalcoholic steatohepatitis (NASH), is now the most prevalent chronic liver disease in the overweight population, affecting about one-third of the population in the Western world and Asia [1, 2] . Increasing body weight and obesity have been identified as key risk factors for many metabolic diseases, including cardiovascular diseases, type 2 diabetes and lipid disorders, and NAFLD [3] . More importantly, NAFLD is strongly associated with abdominal obesity, insulin resistance (IR), excessive inflammation, dyslipidemia, arterial hypertension, and chronic kidney disease [4, 5] . Universally accepted therapeutic options other than lifestyle modifications, including weight reduction diets and exercise, are not yet available [6] . Therefore, an effective treatment method for NAFLD is needed to overcome these limitations [7, 8] .
Recently, studies have suggested that some natural products may have antioxidant effects on steatohepatitis [9, 10] ; however, the specific effects of resveratrol on NAFLD are controversial. Resveratrol (3, 5, 4 0 -trihydroxy-trans-stilbene) is a natural polyphenol found in grapes and red wine that has been shown to extend lifespan in many organisms [11, 12] . In the last few years, resveratrol has been characterized as having cardioprotective [13, 14] , anti-inflammatory [15] , and antioxidant [16] properties. In vitro and in vivo studies have suggested that resveratrol protects against metabolic phenotypes by activating silent information regulation 2 homologue 1 (SIRT1) [17] and AMP activated protein kinase (AMPK) [18] , thereby mimicking a condition of caloric restriction (CR) [19] . This raises the possibility for the use of resveratrol as an agent to treat obesity and obesity-associated diseases such as NAFLD. It is reported that resveratrol has promising inhibitory effects on the development of NAFLD by functioning against lipid accumulation induced by a high-fat diet [20] . However, two recent double-blinded, randomized, and placebo-controlled clinical trials (RCTs) showed that resveratrol treatment has no consistent therapeutic efficacy for alleviating clinical or histological NAFLD [21, 22] . Although resveratrol has numerous beneficial effects on humans, whether it has beneficial effects on patients with NAFLD is unknown, and recent studies have shown paradoxical results on the efficacy of resveratrol for treating NAFLD. Therefore, we conducted this comprehensive meta-analysis of qualified RCTs to investigate whether resveratrol supplementation is beneficial for patients with NAFLD. The study design was formulated by face-to-face discussions with all authors until a consensus was reached. We believe that this study will provide new insights into the use of resveratrol in NAFLD and function as a foundation to expedite development of treatment for NAFLD.
Methods
We performed this meta-analysis according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines [23] ; a detailed protocol was established before beginning the study. The study objectives were met by ensuring that all studies included in this analysis involved NAFLD patients or healthy people (participants) with or without resveratrol treatment (intervention) from randomized controlled clinical studies. We evaluated the efficacy of resveratrol supplementation against NAFLD by comparing effects of resveratrol at any dosage with those of placebo or no intervention; the outcomes were pooled by using either a fixed-effect model or random model to estimate mean difference (MD) and 95% confidence intervals (CIs). and resveratrol or resveratrols. To be eligible for inclusion in this study, the keywords were required to appear in the title or/and abstract upon retrieval. The search was restricted to studies in human RCTs investigating the potential efficacy of resveratrol supplementation on NAFLD. 
Study selection
Two authors (C-Y.Z. and W-G.Y.) independently reviewed the titles and abstracts of original articles to screen eligible studies that met the inclusion criteria. In case of any discordance, a third reviewer (C-X.W.) was consulted. Studies that met the following criteria were included: (1) published research articles with completed RCTs reported by original articles or meeting articles (article type); (2) individuals suffering from NAFLD (participants); and (3) studies comparing the effects of resveratrol at any dosage with those of placebo or no intervention (intervention and comparators).
The following studies were excluded: (1) repeated reports with the same first author; (2) reports missing complete outcome data; (3) reports that did not qualify as a RCT; and (4) reports in which the data could not be extracted by current mathematical methods.
Data extraction
Two authors (C-Y.Z. and W-G.Y.) independently extracted study data by using a standardized data collection form that included the full name of the first author, publication date, study design, origin country, sample size, age, race/ethnicity, outcome assessment, weighted-and/or standardized-mean difference (MD) and the corresponding 95% CIs, response rates (RRs), statistical adjustment for the major confounding factors, statistical methods applied for the analysis, and relevant parameters of NAFLD. The control groups from all studies included in this analysis were treated with placebo or no intervention. The extracted data were verified by a third author (C-X.W.); disagreements were resolved by face-to-face discussion between the three authors. The same reviewers were contacted by telephone or email when questions arose regarding their articles.
Quality assessment
The Cochrane Risk of Bias assessment tool was independently performed by two authors (C-Y. Z. and W-G.Y.) to assess the quality of the studies. The items included random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. Disagreements were adjudicated by discussion until an agreement was reached.
Statistical analysis
All statistical analyses were performed using the Review Manager 5.3 software. We computed the MD and 95% CIs from the estimates reported in each eligible study. Heterogeneity was quantified by the Cochran's Q and the I 2 statistics (I 2 > 50% was used as a threshold indicating significant heterogeneity). Publication bias was assessed with Funnel plots and Egger's regression model. Data from the studies were combined using a fixed-effects model or a randomeffects model. The Mantel and Haenszel method in fixed-effects model and DerSimonian and Laird method in random-effect model were applied to obtain a pooled estimate of the effect size [24, 25] . Pooled P values < 0.05 were considered significant. We performed sensitivity analysis owing to the considerable heterogeneity. After omitting Faghihzadeh et al.'s study [26] on systolic blood pressure (SBP) and low-density lipoprotein (LDL) levels and Heebøll et al.'s study [22] on diastolic blood pressure (DBP), the heterogeneity was acceptable.
Study quality and publication bias
Study quality was independently evaluated by two reviewers (C-Y.Z. and W-G.Y.). First, we carefully reviewed the four included studies to determine study quality. We next performed a detailed checklist of items, using the Cochrane Risk of Bias assessment tool. The population was described as any adult with NAFLD. Potential confounders including age, gender, baseline biochemistry, change in diet, and additional exercise were also considered. When reviewers disagreed, a consensus was reached by discussing with a third reviewer (C-X.W.). The funnel plots were symmetrical and Egger's test results showed no significant publication bias in the current meta-analysis (Egger's test:
Sensitivity analysis
Results of sensitivity analysis demonstrated that the significant estimate of pooled RRs was not significantly affected by omitting every single study each time (data not shown).
Results

Study selection
We initially retrieved 49 records identified through database searching and identified 50 additional records through other sources. After removing duplicates, 48 studies were potentially relevant. After a conscientious review of the abstract or full-text, 43 full studies were excluded because they were not clinical trials or had no available data. The remaining five studies were considered potentially eligible for the meta-analysis. Among them, two studies reported by Faghihzadeh et al. had partial duplicate data; consequently, the study published in 2015 was selected owing to its relatively comprehensive data [26, 27] . Thus, four studies published from 2014 to 2016 were included in the present meta-analysis (Fig 1) .
Characteristics of the studies included Table 1 presents the characteristics of participants in the eligible studies. We identified a total of 156 participants from the four included studies. The range of enrollment periods for participants across the included studies was from October 2011 to September 2014. All the patients had NAFLD. Indications of publication bias were not statistically significant. The PRISMA checklist is shown in S1 Table. Effects of resveratrol on NAFLD (Fig 2) .
Lipid metabolic parameters and glucose metabolic parameters. As shown in Fig 3, total cholesterol (MD = 0.49, 95% CI: 0.18, 0.80, P < 0.05) and LDL (MD = 0.47, 95% CI: 0.21, 0.74, P < 0.05) levels were significantly higher in subjects supplemented with resveratrol than control subjects. We excluded a study of Faghihzadeh et al. [26] owing to the considerable heterogeneity presented in LDL levels. The heterogeneity test yielded a value of I 2 = 0% and P = 0.90 in Cochran's test as well; however, the LDL levels still had statistical significance. The mean difference in lipid metabolic parameters and glucose metabolic parameters was reported in four trials, with total cholesterol reported in three trials. In addition, no significant differences were detected in levels of high-density lipoprotein (HDL) (MD = -0.03, 95% CI: -0.16, 0.11, P = 0.72), glucose (MD = 0.07, 95% CI: -0.51, 0.65, P = 0.81), insulin (MD = 3.26, 95% CI: -2.99, 9.52, P = 0.31), and homeostatic model assessment of insulin resistance (HOMA-IR) (MD = 0.39, 95% CI: -0.33, 1.11, P = 0.29) (Fig 4) . We used the random model to assess glucose metabolic parameters owing to the significant heterogeneity. Liver enzymes. Three trials reported γ-glutamyltransferase (GGT) levels and four reported serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels. As revealed in Fig 5, none of the three parameters, including GGT (MD = -1.77, 95% CI: -8.95, 5.41, P = 0.63), AST (MD = -0.63, 95% CI: -3.93, 2.67, P = 0.71), and ALT (MD = -6.64, 95% CI: -13.42, 0.15, P = 0.06) showed statistically significant differences among the control and resveratrol-treated groups.
Bilirubin and tumor necrosis factor α (TNF-α). Three out of four RCTs reported data on bilirubin levels and four reported TNF-α levels. Fig 6 shows that both bilirubin (MD = 1.91, 95% CI: -2.30, 6.11, P = 0.37) and TNF-α (MD = -0.36, 95% CI: -0.88, 0.17, P = 0.18) levels were not significantly different between the control and resveratrol-treated groups. 
Risk of bias across studies
We evaluated the risk of bias and random errors by applying the following seven considerations: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other bias. Risk of bias and random errors summary and graph, as well as reviewers' judgments on each risk-of-bias item for each included study are presented in S2 and S3 Figs.
Discussion
To date, there is no proven medical therapy for NAFLD [28] . In spite of the growing number of interpretations of the pathogenic mechanism of NAFLD, effective therapeutic agents are still lacking. It is therefore of great urgency to find suitable treatment measures [29, 30] . Resveratrol is a polyphenol found in a variety of plant species. An accumulating number of high-quality preclinical studies have confirmed its efficacy for reducing hepatic lipogenesis, resulting in inactivation of liver X receptor α (LXRα) and inhibition of TNF-α, thereby preventing hepatic steatosis [20, 31] . Nonetheless, clinical trials regarding the efficacy of resveratrol supplementation in NAFLD have shown conflicting results. In previous RCTs, Chachay et al. demonstrated that resveratrol treatment significantly increased the levels of AST and ALT, but did not improve any features of NAFLD [21] . Faghihzadeh et al. showed that resveratrol supplementation did not have any beneficial effect on anthropometric measurements, lipid profile and blood pressure, or insulin resistance, but reduced ALT levels and hepatic steatosis in patients with NAFLD [26] . Heebøll et al. revealed that resveratrol treatment had no consistent therapeutic effect in relieving clinical or histological NAFLD, but displayed a negligible ameliorating Efficacy of Resveratrol against Non-Alcoholic Fatty Liver Disease effect on liver functions and liver fat accumulation [22] . Chen et al. showed that resveratrol significantly decreased the levels of TNF-α, LDL, ALT, total cholesterol, and HOMA-IR [7] . Given these controversial results, this meta-analysis was conducted to provide reliable evidence for the efficacy of resveratrol supplementation in NAFLD. Although the present study did find some positive effects of resveratrol on metabolic parameters, the improvement in liver function and fatty liver was less apparent than expected.
In this study, glucose metabolism parameters (glucose, insulin, and HOMA-IR) were unchanged after resveratrol treatment, which is consistent with other studies [21, 22, 27] . For the lipid metabolic parameters (total cholesterol, LDL, and HDL), our results showed that resveratrol supplementation increased total cholesterol and LDL levels, which is noteworthy and in contrast to the study reported by Chen et al. [7] .
It has been documented that the inflammatory mediator TNF-α plays a vital role in the pathogenesis of NAFLD. Previous studies have shown that elevated TNF-α levels are an independent predictor of histological fibrosis in patients with NAFLD. Our results show that supplementation with resveratrol has no effect on TNF-α levels. This result is in contrast with that of Chen et al. [7] . In addition, bilirubin levels were not changed significantly following resveratrol treatment, which is in conflict with the result of Faghihzadeh et al. [26] .
For the anthropometric index and clinical parameters, we evaluated weight, BMI, SBP, and DBP and found that none of them were changed after resveratrol treatment. These findings are in accordance with those of some previous studies [7, 21, 27] . Timmers et al. reported that 30 days of 150 mg/d resveratrol supplementation reduced SBP levels, and Bhatt et al. showed that 3 months of 250 mg/g resveratrol supplementation had the same effect on patients with type 2 diabetes [32, 33] . However, the included four individual studies in our meta-analysis showed no significant changes in SBP levels. These paradoxical results may be attributed to the different dose of resveratrol administered in the different studies. More high-quality studies are therefore required to determine the dose-dependent effects of resveratrol.
For liver enzymes (AST, ALT, and GGT), this meta-analysis showed that resveratrol had no effects on liver enzyme activity. Heebøll et al. consistently demonstrated that resveratrol treatment does not influence ALT levels [22] . However, Faghihzadeh et al. showed that 12 weeks of supplementation with 500 mg of resveratrol reduces ALT levels [26] , and Chen et al. suggested that resveratrol significantly decreased AST and ALT levels [7] . On the contrary, Chachay et al. revealed that AST and ALT levels were elevated after resveratrol treatment for 6 weeks [21] . These previous results are controversial. Thus, larger-scale, well-controlled studies are urgently needed to confirm these results.
The present study has a few strengths and limitations. This meta-analysis only includes RCTs and no time limitations were considered for the literature search. There is no risk of bias and random errors in this meta-analysis and the parameters we evaluated are relatively comprehensive. However, the sample size was relatively small, which may have biased the results to some extent. In addition, the differences in dosages of resveratrol and duration of the studies may also have affected the accuracy of the results.
In conclusion, this study provides novel insights into the beneficial effects of resveratrol supplementation in patients with NAFLD. It reveals that resveratrol significantly increases LDL and total cholesterol levels, providing evidence to support that the drug may ameliorate lipid metabolic parameters. However, resveratrol showed no beneficial influence on other parameters. To better understand the efficacy of resveratrol in patients with NAFLD, large-scale, welldesigned, and population-based studies are required in the future. 
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